Small interfering RNA (siRNA) has been continuously explored for clinical applications. However, neither nanocarriers nor conjugates have been able to remove the obstacles. In this study, we employed a combined nanochemistry strategy to optimize its delivery dilemma, where different interactions and assembly modes were cooperatively introduced into the forming process of siRNA/lipids nanoplexes. In the nanoplexes, the 3 0 ,3 00 -bis-peptide-siRNA conjugate (pp-siRNA) and gemini-like cationic lipids (CLDs) were employed as dual regulators to improve their bio-behavior. We demonstrated that the "cicada pupa"-shaped nanoplexes of MT-pp-siRNA/ CLDs (MT represented the mixed two-phase method) exhibited more compact multi-sandwich structure ($25 layers), controllable size ($150 nm), and lower zeta potential ($22 mV) than other comparable nanoplexes and presented an increased siRNA protection and stability. Significantly, the nanoplex was internalized into melanoma cells by almost caveolae-mediated endocytosis and macropinocytosis ($99.46%), and later reduced/avoided lysosomal degradation. Finally, the nanoplex facilitated the silencing of mRNA of the mutant B-Raf protein (down by $60%). In addition, pp-siRNA had a high intracellular sustainability, a significantly prolonged circulating time, and accumulation in tumor tissues in vivo. Our results have demonstrated that the combined approach can improve the intracellular fate of siRNA, which opens up novel avenues for efficient siRNA delivery.
INTRODUCTION
RNAi technologies are currently emerging as the major drug discovery approaches of the most promising drug candidate molecules. [1] [2] [3] However, intrinsic drawbacks (e.g., instability, cell impermeability, and offtarget effect) have impeded the application of small interfering RNA (siRNA) in clinic. 4, 5 Countless types of non-viral vectors have blossomed to improve the above-mentioned dilemma. [6] [7] [8] As nanocarriers with the greatest potential, [9] [10] [11] cationic liposomes still need to overcome several defects. When using the AT method (thin film hydration), 12, 13 most liposomes (as per our previous study) merely adsorbed siRNA onto their surfaces via electrostatic forces. These nanoplexes cannot provide siRNA a better protection from RNase degradation in the transport process. Moreover, the relatively stochastic and incompact self-assembly process may cause fluctuation of these nanoplexes' property parameters (sizes, zeta potential, morphology, etc.), which disturbs the accuracy of biological evaluation. 14 To improve the aforementioned problems, several delivery systems were attempted and indeed presented significant transfection efficiency, such as the multifunctional nanodevices, for example, multifunctional envelope-type nanodevices (MENDs), 15, 16 liposome-polycation-DNA particle (LPD), 17, 18 or other core-shell nanoparticles. 19, 20 In our previous studies, 21 ,22 a redox-responsive cationic lipid (CLD; Figure 1 ) was devised for siRNA delivery, which displayed efficient target mRNA inhibition and low cytotoxicity in vitro. Furthermore, mechanistic research uncovered that disulfide-bridge played a key role in promoting the siRNA release. Recently, our laboratory designed a series of peptide-siRNA conjugates. [23] [24] [25] Subsequent results revealed that peptide conjugated at the 3 0 terminus of the sense strand can improve siRNA resistance from ribozyme and strand selection for loading the guide strand to RISC (RNA-induced silencing complex), which provided a direction of siRNA design for efficient silencing with low off-target effect. Furthermore, based on the conjugation feasibility at the 3 0 terminus of the guide strand, the 3 0 ,3 00 -bis-peptidesiRNA conjugate (pp-siRNA) was obtained, which demonstrated a prolonged circulation time and better treatment results in nude mice. 26 With 3 0 -terminal peptide-siRNA conjugates, an extra-hydrophobic peptide at the 3 0 terminus of the guide strand may alter the preparation of nanostructures, then directly affect the encapsulation status, intracellular fates (transmembrane pathway, distribution, and degradation), finally resulting in the distinct silencing effect. Melanoma is a malignant tumor of melanocytes, which cannot be effectively treated until now. It has been confirmed that the B-RAF mutation, which activates the downstream extracellular regulated protein kinase (ERK)1/2 pathways, exists in most melanoma patients ($80%) and provokes the tumor cell proliferation, migration, and so on. The siRNA sequence of siMB3 was targeted against mutant B-RAF mRNA. 27 To promote the siMB3 bio-effect in the melanoma model, we constructed the pp-siRNA/CLD delivery system using a conventional assembly process (thin-film hydration, AT method). Our hypothesis was that the bis-peptides at the 3 0 termini of pp-siRNA can be inserted into the hydrophobic region of liposomes, which can influence or regulate the architecture of nanocarriers via extra interaction with the tail chain of CLD lipids, thereby inducing a significant improvement of the nanoplexes' bio-behaviors. Nevertheless, in the AT process, the contact areas may be limited for the phospholipid tails arranged into the liposomal bilayers, with inadequate extra-hydrophobic interaction between pp-siRNA and CLDs. Thus, to maximize the bis-peptides' regulating effect in the assembly process, another assembly strategy, called the mixed two-phase (MT) method, was applied. We supposed that the MT nanoplexes of pp-siRNA/CLDs could encapsulate more pp-siRNA inside compared with those of the AT method and had a stronger interaction between siRNA and CLDs. These distinct constitutive properties may give the MT siRNA/CLDs nanoplexes a better stability and siRNA protection with improved cellular uptake and gene knockdown. Using siRNA as another control, the different assembly processes were elaborated to interpret the reasons for enhanced stability and unique intracellular fate of nanoplexes of pp-siRNA/CLDs. In addition, the advantages of the novel 3 0 ,3 00 -bis-peptide-siRNA conjugate were also confirmed by the results of the assembly process, endosomal transport assay and fluorescence resonance energy transfer (FRET) assay, compared with the 3 0 -peptide-siRNA conjugates, which were widely reported in the siRNA conjugation field.
RESULTS

Confirmation of siMB3 Sequences
Identifications of all single strands after purification were confirmed using MALDI-TOF-mass spectrometry (MS) (Tables 1 Figure 1 . Chemical Structure of CLD The H-shaped gemini-like CLD that is composed of two natural alkaline lysine heads and two biocompatible oleyl alcohol tails with a bridge of redox-responsive disulfide bond. and S1; Figure S3 ). The detailed protocols can be seen in the Supplemental Information.
Characteristics of Supramolecular Assemblies
Four nanoplexes of pp-siRNA/CLDs and siRNA/CLDs were obtained via both the AT and the MT preparation, in which the conditions, such as transmission electron microscopy (TEM), dynamic light scattering (DLS), small-angle X-ray scattering (SAXR), and molecular dynamic simulation (MDS), were screened and optimized ( Figure S4 ). As seen from Table 2 and Figures 2A and 2C , all nanoplexes can effectively form uniform nanostructures at N/P = 5/1, with a size range between $80 and $150 nm. Notably, N/P = 5/1 was selected because our data showed the optimal parameters of four nanoplexes via the multi-factors screening test, which is presented in the Supplemental Information. For the AT preparation, the pp-siRNA/CLDs nanoplexes clearly shared lower zeta potentials (+26.4 ± 1.50 mV) and larger sizes (94.1 ± 2.96 nm) compared with the siRNA/CLDs nanoplexes with a zeta potential of +36.6 ± 1.97 mV and hydrodynamic size of 86.8 ± 1.90 nm. Moreover, the similar decrease in zeta potentials was also observed in the MT nanoplexes. In addition, the sizes of nanoplexes in the MT preparation ($150 nm) were significantly larger than those of the AT nanoplexes ($90 nm).
Using TEM, the morphology showed that the AT nanoplexes were uniform spherical vesicles (Figures 2Aa and 2Ab) . However, the MT nanoplexes were distinct assemblies composed of filamentous nanoribbons. The nanoplexes of pp-siRNA/CLDs formed the ellipsoid-shaped nanostructures (Figure 2Ac) . Meanwhile, the nanoplexes of siRNA/CLDs were observed as acalephe-like formations (Figure 2Ad) . In the SAXR analysis ( Figure 2B ), all of the nanoplexes displayed a single peak, which implied that they were comprised of periodically repeating units. There was a peak shift among these nanoplexes, which displayed the different compression degrees between pp-siRNA/siRNA and CLDs. Nevertheless, the diametral parameters of the units were evidently different based on data analysis, specifically 4.96 nm (CLDs), 5.60 nm (MT-siRNA/CLDs), 5.56 nm (MT-pp-siRNA/CLDs), 5.73 nm (AT-siRNA/CLDs), and 5.95 nm (AT-pp-siRNA/CLDs).
Two nanoplexes of the 3 0 -peptide-siRNA conjugates (3 0 -pS-siRNA and 3 0 -pAs-siRNA)/CLDs, which were also prepared via the MT method at the ratio of N/P = 5/1, were observed using TEM (Figures 2Ae and 2Af ). Both of them displayed different morphologies compared with those of pp-siRNA and siRNA. These nanoplexes were apt to accumulate mutually and formed irregular supramolecular clusters. These results further demonstrated that the bis-peptide at the terminus of pp-siRNA played a key role in regulating the assembly process between siRNA and CLDs, which cannot be perfectly substituted by the 3 0 -p-siRNA conjugates.
Stability and Cytotoxicity of the Nanoplexes
The results from gel retardation assay ( Figure 3A ) confirmed that both pp-siRNAs and siRNAs can be completely packaged by cationic CLDs at the N/P ratio of 5/1 and released out adequately by the anionic substance (1% SDS) displacement, which implied that intracellular siRNAs can be integrally released from the nanoplexes. As shown in Figure 3B , approached with fetal bovine serum (FBS), four nanoplexes were degraded at different degrees in the same preparation, pp-siRNAs were better protected than naked siRNAs. Moreover, the MT nanoplexes displayed an advantage in siRNA protection, compared with the AT nanoplexes. The results in Figure 3C showed that, in the same preparation, pp-siRNA had a better stability against heparin displacement than siRNA. Moreover, the MT nanoplexes displayed an advantage compared with the AT nanoplexes.
Because the cationic nanoparticle-mediated cell membrane damage is a potential safety concern, a hemolysis assay was used to evaluate the biosafety of these nanoplexes. As seen from Figure 3D , at the concentration of 100 nM siRNA (which is equivalent to the nanoplex concentration of the subsequent drug dose), the hemolysis rate of all nanoplexes was <2%, which meant that nanoplexes had good biocompatibility. Besides, at an approximately 150 nM dose, the rate of MT-siRNA/CLDs nanoplexes was higher up to 8%, which may be because of the increased immunogenicity of their larger sizes compared with AT formations and higher potentials than MT-ppsiRNA/CLDs. The sharp increase of hemolysis implied that the nanoplexes of MT-siRNA/CLDs may have a higher cytotoxicity than others. Hence, the maximum concentration was chosen at 100 nM. In addition, all nanoplexes presented a favorable stability for 2 days at the concentrations of 200 nM ( Figure 3E ), as well as that of 5% glucose.
Uptake and Endocytosis Dissection
Cy3-labeled pp-siRNA/siRNA was used as a fluorescent indicator to monitor the internalization of nanoplexes in A375 cells. Fluorescence intensity ( Figure 4A ) was detected via flow cytometry (FCM), and the distribution was determined ( Figure 4B ) using a confocal fluorescence microscope. In Figure 4 , the observed fluorescence intensity of the Cy3-lableled pp-siRNA/CLDs nanoplexes was higher than that of siRNA/CLDs in the same preparation, at both the 4 th and 6 th hr. This uptake difference between pp-siRNA and siRNA may suggest that these nanoplexes may enter into cells through distinct cellular pathways. To elucidate the endocytic pathways involved in the uptake of nanoplexes, we employed a number of inhibitors that were widely used to identify clathrin-dependent endocytosis (CME), caveolaemediated endocytosis (CvME), macropinocytosis, and ATP-dependent endocytosis (Table S2 ). Because the effect of the inhibitors is dose dependent and can compromise the vital cellular processes at high concentrations, the cytotoxic effect of the inhibitors was assessed over a concentration range ( Figure S5 ). The final concentrations were defined by >80% cellular viability rates. As seen in Figure 5A , amiloride evidently reduced the uptake of MT nanoplexes by approximately 50%, especially MT-pp-siRNA/CLDs, but otherwise had minimal effect on the uptake of AT nanoplexes. Amantadine and chlorpromazine influenced the uptake of AT nanoplexes more than MT nanoplexes. Therefore, the uptake of AT-siRNA/CLDs was clearly reduced by 50% (amantadine) and 20% (chlorpromazine). b-cyclodextrin (b-CD) can significantly decrease the uptake of all nanoplexes by 50% at the concentration of 5 mM, except for that of AT-siRNA/ CLDs. Genistein and nystatin markedly reduced the uptake of ATpp-siRNA/CLD nanoplexes, but only at a high concentration of 40 mg/mL. The uptake of all nanoplexes was drastically reduced by $50% under the condition of both 0.1% NaN 3 and 4 C, especially for the AT nanoplexes.
To complement the quantitative results from FCM, we generated qualitative information on the endocytosis pathways of nanoplexes using confocal laser scanning microscopy (CLSM). Figure 5C is the CLSM images of A375 cells transfected with the nanoplexes of Cy5-labeled pp-siRNA/siRNA (red) and fluorescence-labeled channel markers such as transferrin, cholera toxin B, and dextran (green). The AT nanoplexes appeared to be mainly co-localized with transferrin and cholera toxin B (white arrows), in which the shared patterns between the nanoplexes of pp-siRNA/CLDs and cholera toxin B were more than those of siRNA/CLDs. Although two MT nanoplexes were predominantly co-localized with two markers (cholera toxin B and dextran), the co-localization of MT-pp-siRNA/CLDs with transferrin was rarely observed compared with that of MT-siRNA/CLDs.
To summarize these results of the CLSM images ( Figure 5C ), FCM ( Figure 5A ), and fluorescence microscopy ( Figure 5B ), we drew a channel ratio picture ( Figure 5D ) that was formed by selecting an appropriate concentration in each inhibitor (amiloride 0.5 mM, nystatin 40 mg/mL, genistein 40 mg/mL, chlorpromazine 5 mg/mL, amantadine 1 mM), setting the sum of inhibition rate of all inhibitors as 100% to calculate the proportional value of three main uptake channels. The results showed that the proportion of the CvME-mediated endocytosis in the uptake of pp-siRNA was larger than that of siRNA. Moreover, the higher ratio of macropinocytosis was observed in the MT nanoplex uptake compared with that of AT nanoplexes.
Endosome Transportation
Early/late endosomes of the MT nanoplexes of 3 0 -pS/pAs-siRNA conjugates with CLDs were observed in transfected cells after 0.5-, 0.75-, 1-, and 1.5-hr points using CLSM ( Figure 6A ), and Pearson's correlation was measured ( Figure 6D ). Several detailed results were listed in the Supplemental Information (section 9). Yellow dots (co-localization) were highlighted. At the 0.5-hr point, the nanoplexes of pp-siRNA/CLDs and 3 0 -pAs-siRNA/CLDs were rapidly generated; as time went by, the yellow dots gradually appeared until the 1.5-hr point. In addition, the intracellular distribution of nanoplexes of 3 0 -pS-siRNA/CLDs has few co-localizations during this time. These results displayed that the nanoplexes of pp-siRNA/CLDs were superior to those of siRNA/CLDs, which implied that they may escape the intracellular acidified degradation process.
Lysosome Escape
The CLSM images of intracellular distribution (Figures 6B and 6F) were revealed using the Cy5-labeled pp-siRNA/siRNA (red) nanoplexes, with the nuclei and late endosomes/lysosomes stained with Hoechst 33342 (blue) and LysoTracker Green 488, respectively. The co-localization between the AT nanoplexes (red punctates) and lysosomes (green punctates) occurred at 4 hr and then continued to 8 hr, whereas the shared patterns between the MT nanoplexes and lysosomes appeared until 6 hr and then quickly faded away at 8 hr, as illustrated in Figure 6F . These results showed that MT nanoplexes, especially MT-pp-siRNA/ CLDs, could enter into lysosomes later and escape from them earlier, which leads to the delivery of more siRNA drugs to the cytoplasm where RNAi occurred. This implies that pp-siRNA/CLDs produced using the MT preparation may have more efficiency for target mRNA inhibition compared with those produced via the AT method.
Intracellular Degradation via the FRET Assay
A FRET-based method 28, 29 uses biological probes to investigate intracellular degradation and dissociation of pp-siRNA and 3 0 -pS/ pAs-siRNA conjugates in A375 cells. The Cy5 dye was linked at the 3 0 terminus of the antisense strand, and the Cy3 dye was linked at the 5 0 end of the sense strand. As seen from the confocal image (Figure 6C ), I F(667) showed the green dots, which represents the FRET signal obtained at 667 nm with an excitation at 561 nm, whereas the obtained signal of Cy3 excited at 561 nm [I F(570) ] presented the red dots. Moreover, the ratiometric FRET data ( Figure 6E ) displayed that the degradation ratio of pp-siRNA was slower than that of others, which maintained the integrity until approximately 7 hr, whereas both siRNA and 3 0 -pAs-siRNA were dissociated at the 4-hr point.
Target mRNA Inhibition In Vitro
The knockdown of B-Raf mRNA in A375 cells was detected via the RT-PCR analysis after transfection with four nanoplexes at three concentrations of siRNA at different time points ( Figure 4C ). Generally, the tendency of target mRNA inhibition was dependent on both concentrations and times. At the same concentration, the level of downregulation was lower as time went by. Besides, at the same time point, the silencing efficiency was higher with increased concentrations. Under the condition of 100 nM pp-siRNA/siRNA, there was significant inhibition ($50%-60%) of the target mRNA at 24 and 48 hr. Therefore, pp-siRNA presented an evident advantage in mRNA inhibition compared with siRNA in the same preparation. Significantly, at 48 and 72 hr, the MT-pp-siRNA/CLDs nanoplexes can more effectively decrease the mRNA expression. The cell migration after the treatment of four nanoplexes was detected via the wound healing assay. Figure 4D shows the inhibition of migration: MT-pp-siRNA z AT-pp-siRNA > AT-siRNA z MT-siRNA, and the effect of gene knockdown is consistent with the RT-PCR result.
Tissue Distribution In Vivo
Investigation for drug accumulation in tumor tissue and other major organs is necessary for safety and effectiveness. In this study, Cy7-labeled pp-siRNA and siRNA were synthesized as a near-infrared fluorescence probe to be inserted into nanoplexes with CLDs. Biodistribution was observed via an in vivo imaging system after intravenous administration. As shown in Figure 7A , no fluorescent signal was detected in the control mice. After tail-vein injection, four nanoplexes were rapidly distributed to the major tissues. With time, the fluorescence intensity gradually decreased. As shown in Figure 7B , the nanoplexes were significantly accumulated in the liver at 12 hr and then were excreted out via renal clearance at 48 hr. In both the tumor ( Figure 7C ) and other tissues ( Figure 7B ), a stronger fluorescence signal of pp-siRNA/CLDs was detected at the same time point than that of siRNA/CLDs via the same preparation, which suggested that pp-siRNA has a longer circulation time compared with siRNA. However, the fluorescence signals were primarily held in liver tissue from start to finish after intravenous injection.
Molecular Dynamic Simulation
The molecular dynamic simulation assay was performed to provide several auxiliary supports for the "dual interaction" between pp-siRNA and CLDs. The final conformational structure of pp-siRNA is shown in Figure 2Da . This structure presented the double-helix A-form conformation, similar to siRNA. Importantly, one of the six peptides at the 3 0 terminus was distorted by the hydrophobic segment (ALLAL), resulting in the stem-loop structure, where the amino group at the 3 0 -terminal end of lysine can bind to oxygen in 5 0 -phosphate groups of complementary strand via electrostatic force or hydrogen bonds (1.804 and 2.286 Å, Figure 2Db ). This result implied that pp-siRNA may receive good protection from ribozyme degradation.
During the process of interaction between pp-siRNA and CLDs, the cap section at the 3 0 terminus of pp-siRNA was opened by the repulsion of the cationic regions in CLD molecules (Figure 2Dc ), which were electrostatically absorbed by phosphate backbones to form the nanoplexes. Moreover, the hydrophobic segment of peptide was embedded into the domain composed of aliphatic alkanes in CLDs via the hydrophobic interaction (Figure 2Dd ). These results displayed that bis-peptides can alter the mode of interaction between siRNA and CLDs by the extra hydrophobicity.
DISCUSSION
Nanoparticles encapsulated with gene drugs need to undergo several bioprocesses (such as cellular uptake, intracellular trafficking, etc.) to perform silencing efficacy. Although every step can play a determinative effect on the targeted mRNA inhibition to some extent, the features of these nanoparticle nanostructures are regarded as fundamental. 30 Based on previous studies on siRNA conjugates, pp-siRNA was designed and considered as the "fixture" to anchor into the lipids' hydrophobic areas by bis-peptides, compared with the 3 0 -pep-siRNA conjugates. Hence, we employed pp-siRNA as a regulator in the assembly process of the nanoplexes by different preparation methods and then displayed these distinct intracellular fates. By engineering the nanocarrier architecture, the nanoplexes of MT-pp-siRNA/ CLDs were shown to enhance the siRNA delivery.
Investigation of the assemblies' structures was one of the significantly important aspects for siRNA delivery. 31, 32 An unambiguous frame of the optimized nanoplexes of pp-siRNA/CLDs has been revealed by a series of assays in this research. Taking all of the above-mentioned information, a structural hypothesis was proposed (Figure 8 ). After the cationic CLD vesicles were obtained by the AT preparation method, both pp-siRNA and siRNA were absorbed onto the surfaces of CLD vesicles, mainly by electrostatic interaction. During this time, the bis-peptides could not adequately interact with the hydrophobic sections of CLD liposomes, which implies that bis-peptides were partially inserted into the vesicles and that other factors blocked the further contraction of the phosphate backbone with cationic regions. Finally, this process resulted in a similar morphology as spheroidal nanostructures (Figures 2Aa and 2Ab) . However, both size parameters of pp-siRNA/CLDs (94.1 and 5.95 nm) were larger than those of siRNA/CLDs (86.83 and 5.73 nm), and the zeta potential of pp-siRNA/CLDs (26.4 mV) was smaller than that of siRNA/CLDs (36.6 mV), as seen from Table 2 and Figure 2B . In the MT process, the bis-peptides of pp-siRNA played a key role in forming distinct assemblies. Once the CLD monomers were dropped into an siRNA (legend on next page) www.moleculartherapy.org solution, they were reorganized along the pp-siRNA/siRNA backbones via electrostatic interaction, where the bis-peptides were thoroughly arranged into the hydrophobic region in the bilayers of CLDs. This organization assisted their self-assembly into nanoribbons, which were laterally associated and presented the distinct stripes. Finally, the hydrophobicity of bis-peptides helped accomplish the "close the loop," producing ellipsoid-shaped nanostructures (Figure 2Ac ) and more pyknotic monolayers (5.56 nm; Figure 2B ). Although without the extra-hydrophobic force, the interactions between siRNAs and CLDs may not have promoted orderly "selfrestraint," which finally appeared as acalephe-like formations (Figure 2Ad) and a slightly loose monolayer (5.60 nm; Figure 2B ).
The stability of nanoparticles is essential for siRNA protection. Observed from the nanostructures of four nanoplexes (Figures 2A  and 8 ), each laminate was $6 nm ( Figure 2B) . Moreover, the sizes of nanoplexes of both pp-siRNA and siRNA with CLD via the MT method ($150 nm; Table 2 ) were significantly larger than those via the AT preparation ($90 nm; Table 2 ; Figure 2C ). These results mean that more laminate units ($25 layers) were composed in each MT particle than in AT formation ($5 layers). This implied that pp-siRNA/siRNA from MT nanoplexes (especially MT-ppsiRNA/CLDs) were more efficiently protected from degradation by nucleases and competition of negative proteins or polyoses, which was proven by the results of the serum protection assay ( Figure 3B ) and the assay of stability against heparin displacement ( Figure 3C ). All of these features stem from the special interaction between bispeptides and lipids ( Figure 2D ), which also indicated that the peptide conjugation might alter the RISC loading process. In addition, the distinct nanostructures of four nanoplexes also suggested that they had biological specificity.
Currently, intracellular behavior is regarded as the key step in the cytosolic delivery of siRNA drugs. 33 Furthermore, cellular uptake pathways are considered vitally important in determining the efficiency of drugs as they relate to the intracellular trafficking and recycling of the internalized nanoplexes. 34, 35 Generally, endocytosis is mainly divided into CME, CvME, macropinocytosis, and ATPdependent endocytosis. 36 Because caveolae is a non-acidic degradative process, CvME has often been considered as the ideal uptake channel for drug delivery because it has the ability to bypass lysosomes. In addition, macropinosomes do not undergo the endosome process, which facilitates the drugs' rapid escape from lysosomes. [37] [38] [39] Several factors regulate the choice of endocytosis pathways, where the surface properties of nanoplexes play a critical role. [40] [41] [42] For the distinct nanostructures, four nanoplexes should display their particular characteristics in uptake pathways, respectively. In the A375 cell line for malignant melanoma, two approaches were selected to elaborate the transmembrane mechanism. First, a series of pharmacological inhibitors (Table S2 ) that selectively inhibited CME, CvME, and macropinocytosis for determining the uptake pathway via reduction were observed by both FCM ( Figure 5A ) and fluorescence microscopy ( Figure 5B ). The concentrations of inhibitors were defined beforehand via the cellular viability assay ( Figure S5 ). Second, several fluorescent-labeled trafficking pathway markers, such as transferrin, cholera toxin B (CTB), and dextran, were chosen to co-localize with Cy5-labeled nanoplexes via CLSM ( Figure 5C ). These results demonstrated that the nanoplexes of pp-siRNA/CLDs were taken up predominantly through CvME-mediated endocytosis and macropinocytosis ( Figure 5D ), especially by MT-pp-siRNA/CLDs. It was suggested that the bis-peptides linked to the 3 0 terminus of pp-siRNA can regulate multiple pathways to varying degrees. Importantly, this implied that the nanoplexes of MT-pp-siRNA/CLDs may mainly undergo non-acidification versus those of siRNA/CLDs, which should promote efficient release into the cytoplasm, leading to the efficient silencing activity for the target mRNA.
The reduction/avoidance of lysosomal degradation is considered to be paramount for the siRNA delivery. The prediction was that the nanoplexes of MT-pp-siRNA/CLDs can protect pp-siRNA from the lysosomal process and, finally, have the optimal gene silence. This dynamic process of lysosomal escape was observed via CLSM ( Figures 6B and 6F) , and it verified our above-mentioned conjecture. Significantly, the knockdown efficiency of MT-pp-siRNA presented an evident advantage compared with the three others at the same points via real-time PCR (60 and 100 nM, Figure 4C ). Meanwhile, the intracellular stability of pp-siRNA and 3 0 -p-siRNA conjugates was probed via the FRET technology. Based on distance-dependent communication of the two dyes, it was an attractive way to better understand the dissociation and/or degradation state of siRNAs drugs, because the bio-behaviors resulted in spatial separation of the dyes and a disappearance of FRET. 43, 44 In this study, the result ( Figures 6C and 6E ) presented higher intracellular sustainability of pp-siRNA than of others, which gave it more integrity in cells and implied that it may be able to efficiently silence the targeted mRNA. In addition, 3 0 -pS-siRNA was more slowly degraded than 3 0 -pAs-siRNA and siRNA. Several studies 45 for investigating the degradation of lipid-siRNA conjugated at the 3 0 end of the sense strand uncovered that Dicer nuclease can hydrolyze the conjugates into siRNA and then undergo the RNAi process. Therefore, these results of the FRET assay implied that pp-siRNA may also suffer the Dicer recognition process, which improved the stability of pp-siRNA in cells at the same time point compared with others. These results demonstrate the superiority of MT-ppsiRNA/CLDs nanoplexes in intracellular behavior.
By regulating the assembly process and observing the intracellular fates of four nanoplexes, an intrinsic plotline in the story of siRNA delivery process can be determined: the zeta potentials of nanoplexes of pp-siRNA/CLDs were lower than the ones of siRNA/ CLDs (Table 2) in the same preparation approach. This feature meant that the nanoplexes of pp-siRNA/CLDs can predominantly internalize through the CME-independent pathways, because positively charged nanomedicines have usually undergone CME-mediated endocytosis. 39 In addition, the larger sizes of nanoplexes via the MT method suggested that macropinocytosis may be the main cellular entry channel. 38 Hence, based on altered nanostructures, it was speculated that the nanoplexes of MT-pp-siRNA/CLDs may enter cells through CvME-mediated endocytosis and macropinocytosis to a large extent ( Figures 5C and 5D ). Then, they bypass the lysosomes or quickly enact endosomal escape ( Figure 6B ), which finally resulted in high efficiency of the targeted mRNA inhibition ( Figure 4C ) and inhibited migration behavior ( Figure 4D ). All results supported our presumptions.
In addition, the in vivo biodistribution and tissue accumulation profiles of the pp-siRNA/CLD nanoplexes were clearly visualized ( Figure 7) . This showed that, in the same preparation methods, the pp-siRNA/CLDs nanoplexes had a longer circulation time ( Figure 7A ) and a relatively greater tumor accumulation (Figure 7C ), which were attributed to their lower zeta potential, leading to reduced capture by the immune system and more stable aggregation for a longer half-time, compared with that of siRNA/CLDs. Meanwhile, the AT nanoplexes had more tumor accumulation because of their smaller size compared with the MT nanoplexes. However, there still were obvious imperfections: high accumulation was detected in both liver and kidneys during the entire period, and selective tumor accumulation did not effectively occur. These results may be explained by the composition of the vectors that were only amphiphilic lipids, readily captured by liver and kidneys in intravenous administration. Further study of targeting delivery and efficient inhibition in vivo will be reported in the near future.
In summary, our objective was to regulate the assembly structures of nanoplexes to alter their cellular pathways, which can improve the intracellular fates resulting in enhanced siRNA delivery. A series of biological evaluations (such as cellular uptake, intracellular trafficking, degradation, RT-PCR, etc.) showed that the introduction of hydrophobic peptide (from siRNA to pp-siRNA) with a lower N/P ratio (5:1) and altering of the preparation method (from AT to MT) optimized the nanoplexes' structure, which gave siRNA a higher protection and furthermore regulated cellular pathways, then rapidly reached endosomes, and finally realized an effective escape from lysosomes and gene inhibition. Furthermore, the inner relationship of nanoplexes was clearly uncovered between the nanostructures and biofunctions. This is the first report that investigates the engineering of the nanocarrier architecture of 3 0 ,3 00 -bis-peptide-siRNA conjugates with CLDs, which opened up interesting avenues for the development of bis-molecular siRNA conjugates encapsulated by cationic vectors in siRNA therapeutics.
MATERIALS AND METHODS
Materials and Cells
pp-siRNA/siRNA that targets mRNA of the mutant B-Raf protein (siMB3, antisense strand, 5 0 -GCU ACA GAG AAA UCU CGA Udtdt-3 0 , sense strand, 5 0 -AUC GAG AUU UCU CUG UAG Cdtdt-3 0 ) was synthesized by our laboratories. The qPCR primer sequences of B-RAF were R (5 0 -ATG GGA CCC ACT CCA TCG AGA TTT CT-3 0 ) and F (5 0 -TGG TGT GAG GGC TCC AGC TTG T-3 0 ). The CLDs were synthesized using the modified previously described methods. Cy3-N-hydroxysuccinimide (NHS), Cy5-NHS, and Cy7-NHS were purchased from QiweiTech (Beijing, China). 3 0 -PT-amino-modified controlled pore glass (CPG) was from Glen Research (Sterling, VA, USA). OPTI-MEM and LysoTracker DND-99 were purchased from Invitrogen (Grand Island, NY, USA); agarose was obtained from GENE Company (Hong Kong, China); Hoechst 33258 was purchased from Molecular Probes (Eugene, OR, USA); sulforhodamine B (SRB) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium chloride (NaCl), sodium phosphate dibasic (Na 2 HPO 4 ), and hydroxyethyl piperazine ethanesulfonic acid (HEPES) were purchased from JandK Scientific (Beijing, China).
Human cervical carcinoma cells HeLa and human malignant melanoma cells A375 (Institute of Materia Medica, Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing, China) were employed as in vitro assay models. All cells were grown continuously as a monolayer in DMEM in a humidified incubator at 37 C and 5% CO 2 . DMEM was supplemented with 10% heat-inactivated FBS. The cells for all of the experiments were in the logarithmic phase of growth.
Synthesis of siMB3 Conjugates and Fluorescent Samples
The general synthesis method for RNA samples was used, as described in previous studies. 24, 25 In brief, oligonucleotides of siMB3 sequences were obtained using an ABI 394 DNA/RNA synthesizer using standard phosphoramidite chemistry with 3 0 -dT CPG, 3
0 -PT-amino-modified CPG (C6-CPG), and 3 0 -hexapeptidemodified CPG (KALLAL-CPG). After separation and purification, amino-modified single strands were reacted with various cyanine-NHS esters. Then, the fluorescence-labeled strands were purified via the Sephadex G-25 column. The purities of all single strands measured via high-performance liquid chromatography were >90%, and their identities were confirmed using MOLDI-TOF-MS. Finally, these complementary strands were annealed with an equivalent quality to form the corresponding siMB3 samples.
Preparation Methods of the Nanoparticles
Four nanoplexes of pp-siRNA/CLDs and siRNA/CLDs were prepared using both thin-film hydration (AT) 11 and MT methods. After screening and optimization of the formulation, we confirmed the conditions of MT preparation. In brief, CLD monomers were dissolved in ethanol in a flask with an appropriate concentration (0.571 mg/mL) and then were dropped into the pp-siRNA/siRNA solution (5% glucose, 2 mM) under vibration with the volume ratio of CLD/siRNA (1:5). The mixture was subsequently sonicated at 70 C for 40 min, and ethanol was removed using a rotary evaporator. The CLD monomers and pp-siRNA/siRNA were mixed together with N/P = 5/1. For the AT preparation, CLD nanoplexes (5% glucose, 0.571 mg/mL) were dropped into the pp-siRNA/siRNA solution (5% glucose, 2 mM) under vibration with the volume ratio of CLD/siRNA (1: 5). Then, the nanoplexes were incubated at 37 C for 20 min. As a result, four nanoplexes encapsulated by CLDs were obtained and diluted to a certain concentration for use.
Sizes and Zeta Potentials Assay
The four nanoplexes were obtained using the AT and MT preparations. The particle sizes and zeta potentials were measured at 25 C using DLS (Malvern Zetasizer Nano ZS, Malvern, UK). The final concentration of siRNA was 100 nM.
TEM
For the TEM analysis of the samples, the samples (100 nM, 10 mL) were applied on a copper grid and incubated for 1 min followed by removing excess solution with filter paper and then adding a 10 mL of staining solution (2% uranyl acetate; Sigma-Aldrich) for 2 min. After wicking away the staining solution, the sample grids were placed in a desiccator to dry under vacuum overnight. A JOEL 100CX transmission electron microscope was used to image the samples at 100 kV.
SAXR
The freshly prepared four nanoplexes at the N/P = 5/1 ratio were frozen and dried in a lyophilizer to yield a white powder for SAXR. The samples were put into an aluminum sample holder with a 5-mm-hole diameter and sealed with Kapton tape. The working voltage and current for the X-ray tube are 45 kV and 0.88 mA, respectively. The X-ray wavelength was 0.154 nm. The scattering vector (q) was calibrated using silver behenate with the primary reflection peak at q = 1.067 nm
À1
. The SAXS diffraction patterns covering the q range between 0.2 and 2.0 nm À1 were recorded. The background scattering was subtracted and further analyzed using the Rigaku SAXSgui software.
Gel Retardation Assay
Four nanoplexes of pp-siRNA/CLDs and siRNA/CLDs were prepared at the N/P = 5/1 ratios, as described above. The final pp-siRNA/siRNA concentration was fixed at 1 mM. These nanoplexes were approached with a loading buffer, or a loading buffer containing 1% SDS, and electrophoresed on a 1% agarose gel containing 0.5 mg/mL Exred. Electrophoresis was performed at 80 mV for 3 min, then subsequently 100 mV for 10 min. The resulting gels were photographed under UV illumination. Free pp-siRNA or siRNA was used as the control.
To analyze the protective effect of four nanoplexes on pp-siRNA/ siRNA, an equal volume mix of nanoplexes (siRNA 2.4 mM) with FBS was incubated at 37 C. Then, a set sample was kept at À20 C. Finally, a gel retardation assay was applied to all samples.
Cellular Uptake Efficiency Assay A375 cells were seeded 2.5 Â 10 5 per well in six-well plates. After 24-hr proliferation, four nanoplexes containing Cy3-labeled pp-siRNA/ siRNA with N/P = 5/1 at the fixed final concentration of 100 nM were exposed to the cells and incubated for an additional 4 or 6 hr at 37 C. After incubation, the cells were harvested and washed three times with a pre-cooled PBS solution, and the uptake of Cy3-labeled pp-siRNA/siRNA was immediately detected using a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, USA). Meanwhile, the fluorescence distribution of cells after 4 hr was visualized using a Leica TCS SP8 confocal fluorescence microscope (Leica Microsystems, Heidelberg, Germany).
Endocytotic Pathway Assay
A375 cells were plated in 12-well tissue culture plates at 2 Â 10 5 cells/ well 24 hr prior to transfection. For the transfections performed in the presence of various concentrations of different inhibitors (genistein, chlorpromazine, amiloride, amantadine, b-CD, nystatin, and NaN 3 ), or at 4 C, the growth medium was replaced with a serumfree medium containing the desired drug 30 min prior to transfection. Then, four nanoplexes containing Cy3-labeled pp-siRNA/siRNA with N/P = 5/1 at the fixed final concentration of 100 nM were exposed to the cells and incubated for an additional 4 hr at 37 C or 4 C. In the process of incubation, the concentration of inhibitors or temperature was consistent with the pretreatment. After incubation, the cells were harvested and washed three times with pre-cooled PBS solution, and the uptake of Cy3-labeled pp-siRNA/siRNA was detected using a FACSCalibur flow cytometer (Becton Dickinson) or an inverted fluorescence microscope (Leica Microsystems) immediately.
Confocal microscopy was also used to observe the channels of cellular uptake of four nanoplexes. A375 cells were plated in confocal dishes (15 mm) at 2 Â 10 5 cells/well 24 hr prior to transfection. Then, various formulations containing Cy5-labeled pp-siRNA/siRNA with N/p = 5/1 at the fixed final concentration of 200 nM were exposed to cells and incubated for an additional 1 hr at 37 C. Before the end of incubation, Tf (transferrin from human serum, Alexa Fluor 488 conjugate, 10 mg/mL for 10 min), CTB (cholera toxin subunit B, Alexa Fluor 488 conjugates, 2 mg/mL for 30 min), and dextran (dextran FITC conjugates, 1 mg/mL for 1 hr) were added into the incubation system. After transfection, the cells were washed three times with PBS followed by fixation with 4% paraformaldehyde for 15 min and cell punching with 0.1% Triton-PBS for 1 min at room temperature. Then, F-actin filaments and nuclei were individually stained with rhodamine-labeled phallacidin (1 U/mL for 10 min) and Hoechst 33258 (5 mg/mL for 10 min), as per the manufacturer's instructions. Cells were visualized under a Leica TCS SP8 confocal fluorescence microscope (Leica Microsystems).
Lysosome Escape Assay A375 cells (2 Â 10 5 cells/well) were seeded into confocal dishes. After 24-hr incubation, four nanoplexes of Cy5-labeled pp-siRNA/siRNA with CLDs (200 nM) were added into each dish for different time periods. At the end of transfection, LysoTracker Green (Invitrogen, Carlsbad, CA, USA) (500 nM) was added to the medium and incubated with the cells for 30 min at 37 C for endosome/lysosome labeling. Next, the cells were washed with PBS three times. Intracellular distribution of Cy5-labeled pp-siRNA/siRNA was observed with a Leica SP 8 confocal microscope (Leica Microsystems).
Intracellular Degradation Analysis via the FRET Technology
Fluorescent-labeled pp-siRNA was utilized with both a cyanine-5 dye at the 3 0 terminus of the guide strand and a cyanine-3 dye at the 5 0 terminus of the sense strand. A375 cells (2 Â 10 5 cells/well) were seeded in a chambered glass plate for 36 hr. In total, 500 mL of the serum-free media containing pp-siRNA/CLD, 3 0 -pAs-siRNA/CLD, 3 0 -pS-siRNA/CLD, and siRNA/CLD nanoplexes produced using the MT preparation (100 nM) was added to each well and incubated for 2 hr at 37 C. After being transfected with these nanoplexes, the cells were washed with a PBS solution three times, and a serum-containing media was added. Real-time confocal images were taken using an UltraVIEW VoX inverted confocal laser scanning microscope (PerkinElmer, USA). Each sample was excited at 561 nm to acquire the fluorescence signal of cyanine-3 (emission: 570 nm). The fluorescence signal of Cy5-lableled pp-siRNA/siRNA can be detected at 670 nm with an excitation at 641 nm. The FRET signal was obtained at 670 nm with an excitation at 561 nm. The merged image and data analysis were processed using the Volocity 6.2.1 software.
In Vitro Gene Silencing Assay
The levels of mRNA in the cells treated with different nanoparticles (N/P = 5/1, final siRNA concentrations were 30, 60, and 100 nM) were analyzed via RT-PCR. To detect the relative B-RAF mRNA expression, we seeded A375 cells (1.5 Â 10 5 cells/well) into 12-well tissue culture plates. After 24-hr proliferation, various formulations containing siMB3 with N/P = 5/1 at the fixed different final concentration were exposed to cells and incubated for an additional 6 hr at 37 C. Then, the cells underwent another 24, 48, and 72 hr of incubation. Total RNA was extracted using the TRIOL reagent method and reverse transcribed using a GoScript Reverse Transcription System (A5001; Promega, Madison, WI, USA). The resulting cDNAs were used for PCR using a GoTaq qPCR Master Mix (A6002; Promega) in triplicates. PCR and data collection were performed on a realtime PCR amplifier (MX3005P; Stratagene, La Jolla, CA, USA). All quantitations were normalized to an endogenous control of reduced glyceraldehyde-phosphate dehydrogenase (GAPDH). The relative quantitation value for each target gene compared with the calibrator for that target was expressed as 2 À(CtÀCc) (Ct and Cc were the mean threshold cycle differences after normalizing to GAPDH).
In Vivo Distribution
Each of the 2 Â 10 6 A375 cells was inoculated into the right armpit of each BALB/c female nude mouse to establish the in situ melanoma model. When tumor size reached 500 mm 3 , the mice were administered with nanoplexes (Cy7-labeled siRNA 1 mg/kg) via the tail vein, and the fluorescence distribution was visualized at the predetermined time points in vivo using an imaging system (Imaging Station Maestro 2; CRI, MA, USA) with the excitation wavelength of 745 nm and emission wavelength of 800 nm. Tumor and major organs, including heart, liver, spleen, lung, and kidney, were excised and imaged. All images were normalized and analyzed using the Imaging Station Maestro 2 software. All procedures involving experimental animals were performed in accordance with protocols approved by the Committee for Animal Research of Peking University, China and conformed to the Guide for the Care and Use of Laboratory Animals.
Molecular Dynamics Simulation
Molecular dynamics (MD) simulation was performed using the AMBER 11 molecular simulation package. The ff99SB force field was used to describe the special conformation of pp-siRNA and the interaction between pp-siRNA and CLDs. The model was solvated in TIP3P water using an octahedral box, which extended 15 Å away from any solute atom. Na + counterion was placed next to each phosphate group to neutralize the negative charges of simulated molecules.
The calculations began with 500 steps of the steepest descent followed by 500 steps of conjugate gradient minimization with a large constraint of 500 kcal mol À1 Å À2 on pp-siRNA and the complexes of pp-siRNA/CLDs. Then, 1,000 steps of the steepest descent followed by 1,500 steps of conjugate gradient minimization were performed, with no restraints on pp-siRNA and the complexes of pp-siRNA/ CLDs. Subsequently, after 20 ps of MD, during which the temperature was slowly raised from 0 to 300 K, with weak (10 kcal mol À1 Å À2 )
restraints on the pp-siRNA and the complexes of pp-siRNA/CLDs, the final unrestrained production simulations of 3.0 ns for the molecule were carried out at constant pressure (1 atm) and temperature (300 K). In the entire simulation, SHAKE was applied to all hydrogen atoms. Periodic boundary conditions with minimum image conventions were applied to calculate the non-bonded interactions. A cutoff of 10 Å was used for the Lennard-Jones interactions. The final structures were produced from the 1,000 steps of minimized averaged structure of the last 20 ns of MD.
Statistical Analysis
For statistical analysis between the two groups, Student's t test for independent means was applied. The differences between any two groups out of several groups were analyzed via one-way analysis of variance (ANOVA) followed by least significant difference (LSD) multiple comparisons. Statistical analysis was performed using the SPSS software (version 16.0; SPSS, Chicago, IL, USA). 
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